Abstract In this study, the effects of different management practices on soil biochemical properties were evaluated in three pairs of grassland soils (unmanaged and managed) located in three areas of Galicia (NW Spain) where different types of climate prevail. Variations in soil biochemical properties were monitored throughout 1 year. Changes in soil temperature, soil moisture content, and particularly soil location and soil management affected the values of the biochemical properties. Comparatively higher levels of enzyme activity were observed in the unmanaged grasslands than in the managed grasslands, especially for β-glucosidase activity and the enzymes involved in the P and S cycles (phosphodiesterase, phosphomonoesterase, and arylsulphatase activities). A biochemical equilibrium index was used to evaluate soil quality. Although variations in the index were observed throughout the year, the values mainly depended on soil management and revealed that unmanaged grasslands were in a situation of biochemical equilibrium throughout the study period, while no such equilibrium was observed in managed grasslands for most of the studied period.
Introduction
Soil biological properties are used as indicators of soil quality because they are sensitive to any alteration that the soil may undergo (Yakovchenko et al. 1996) and because the biological components of soil are essential to many soil processes and functions (Dick et al. 1996) . A further advantage of the use of soil biological properties rather than physical and chemical properties as indicators of soil quality is that the former are relatively rapid to measure and are very sensitive to environmental changes.
As a result of the interest in determining how biochemical properties can be used to assess soil quality, many studies have addressed the effects of management practices on soil biochemical properties, and these are now generally well established (Gianfreda and Ruggiero 2006; Nannipieri et al. 2002; Skujins 1978) . For example, Lovell and Hatch (1998) , Ge et al. (2009), and Laudicina et al. (2011) considered the effects of fertilizers; Tracy and Frank (1998) considered different grazing systems, and Ekenler and Tabatabai (2004) and Laudicina et al. (2011) differences in tillage treatments. Despite the advances made in this field, there are still some major drawbacks associated with the use of soil biochemical properties as indicators of soil quality. Firstly, information about how soil biochemical properties respond to combinations of management practices in grassland soils is scarce; secondly, although there is some information about the effects of management, the intra-annual variation in soil biochemical properties has not been well studied. Finally, another disadvantage is the high spatial and temporal variability often observed in soil biochemical properties, which contrasts with the effects of management on the same properties and hinders their use as indicators of soil quality.
Soil is a dynamic, living system in which biological communities are constantly changing, mainly due to variations in temperature, soil moisture, pH, and nutrient supply, which will cause biochemical properties to change. Although climate parameters have been regarded as one of the main factors that affect soil biological and biochemical properties (Insam 1990; Wardle 1998 ), the results of some studies that have examined the seasonality of soil biochemical properties have been contradictory. For example, Holmes and Zac (1994) and Ross et al. (1995) reported no differences in microbial biomass in relation to season, while Monokrousos et al. (2004) reported significant seasonal variations in many soil microbial properties. Finally, it is important to analyze a wide range of properties in seasonal studies of soil biochemical properties, as the results of single assays may not be representative of the overall activity of the microbial community. However, analyzing multiple biochemical properties can provide an estimate of soil quality. As a consequence, in the last years, there has been an increasing search for biochemical indices to assess soil quality (Gil-Sotres et al. 2005; Bastida et al. 2008) . In spite of the existence of several indices to accomplish this task, there is an uncertainty about whether these indices are robust to seasonal variations. In particular, Paz-Ferreiro et al. (2007) developed a biochemical equilibrium index that compared C content determined in the laboratory from the dichromate oxidation method and estimated from soil biochemical properties. This index ranges from 85 to 115 in natural undisturbed grasslands in Galicia (Paz-Ferreiro et al. 2007) , and these values are considered typical of high-quality grassland soils, but seasonal fluctuation of this and other indices remain unexplored.
Within the above theoretical and experimental considerations, the overall aim of the present study was to examine the effects of season and soil management on soil biochemical properties in temperate grasslands. The study specifically addressed the following concerns: (a) the abiotic factors that drive the temporal variations; (b) the importance of temporal variations in temperate grassland soils; (c) the effects of the combination of management practices (managed compared with unmanaged grassland) on the values of soil biochemical properties, (d) to assess if the expression developed by Paz-Ferreiro et al. (2007) is enable to quantify soil quality in grassland ecosystems, being, at the same time, independent of seasonal variations.
Materials and methods

Soils
Six small experimental plots (of size between 0.5 and 1 ha) located in Galicia (NW Spain) were used in the study. The plots were located at three different sites with different climatic conditions, and a fertilized (managed grassland) and an unfertilized plot (unmanaged grassland) were selected for study at each site. All of the grassland soils under study are classified as Umbrisols (IUSS Working Group RB 1998) . Two of the grasslands were located at Boimorto (8º 7´28´´W and 43º 2´3´´N) at an altitude of 445 m.a.s.l. Another pair of grasslands was located at Trabada (7º 10′ 42″ W, 43º 24′ 38″ N), at 240 m.a.s.l. The other site was located at Rodeiro (7º 58′ 17″ W 42º 41′ 27″ N), at an altitude of 620 m.a.s.l. Some general properties (parent material, pH, organic matter content, and texture) of soils are shown in Table 1 .
The daily average temperature and daily rainfall were obtained from three meteorological stations located near the study plots. The climatograms obtained for the three locations during the period of study are shown in Fig. 1 .
The vegetation in the unmanaged grasslands was dominated by plant species characteristic of poorly fertile soils, including Agrostis capillaris L., Holcus lanatus L., Anthoxanthum odoratum L., Lolium perenne L., and Poa annua L., with a scarce presence of legumes, mainly Trifolium repens L. The vegetation in the managed grasslands was dominated by L. perenne L. and T. repens L. The unmanaged grassland had never been tilled, whereas the managed grassland had been tilled when grass was seeded (every 2-4 years). Both managed and unmanaged plots were grazed by cattle. The unmanaged grasslands had never been fertilized, and the managed grasslands were fertilized as follows: in the Boimorto plots, organic slurry (containing 25 kg ha -1 N and 8 kg Pha Soils were sampled monthly in the last week of October, November, and December in 2003, and in the last week of January, February, March, April, May, June, July, August, September, and October in 2004. In each of the six plots, a representative sample was obtained with a shovel, from the top 10 cm of the upper horizon at ten to 15 points distributed uniformly over the whole area of the plot. Approximately 5 kg of soil was sampled in each plot. Samples were pooled in the field to obtain composite samples representative of each site, which were transported in isothermal bags to the laboratory and sieved (<4 mm). The moisture content was determined gravimetrically. A sub-sample of soil was air-dried to ascertain the general soil properties, and the remaining soil was stored at 4°C pending biochemical analyses. All biochemical analyses were carried out within 2 weeks of sampling.
Analytical methods
Total C was determined as described by Nelson and Sommers (1982) , using the dichromate oxidation method, while N content was determined by Kjeldahl digestion as described by Bremner (1965) . The pH was measured in water (1:2.5 soil/ water ratio) and in 0.1M KCl (same ratio as for pH in water), while particle size distribution and texture were determined using the standard sieve-pipette method (Day 1965) .
Soil microbial biomass C (biomass C) was determined by the chloroform fumigation-extraction method (Vance et al. 1987) . The difference in the C content of the fumigated and unfumigated extracts was converted to microbial biomass C (expressed in milligrams per kilogram of dry soil) by applying a factor (K c ) of 0.45. The C extracted with K 2 SO 4 from the unfumigated samples was used as a measure of the labile pool of C.
Soil basal respiration (milligrams CO 2 -C per kilogram per hour) was determined by static incubation. The CO 2 produced during a 10-day period by 25 g soil samples incubated at field moisture content and at 25°C was collected in 10 ml of a 1-M NaOH solution, which was then titrated against HCl, with an automatic titrator.
To determine net N mineralization, soil samples (10 g) were extracted for 30 min with 50 ml of 2 M KCl before and after incubation for 10 days at 25°C at field moisture content. Total inorganic N was determined in the extracts by Kjeldahl distillation (Bremner 1965) . Net N mineralization (milligrams per kilogram per ten days) was calculated as the difference between the values obtained before and after incubation.
Dehydrogenase activity was determined as described by Camiña et al. (1998) , and the results were expressed as micromoles iodonitrotetrazolium formazan per gram per hour.
Catalase activity was determined according to the method of Trasar-Cepeda et al. (1999) , and the results were expressed as millimoles H 2 O 2 consumed per gram per hour.
Acid phosphomonoesterase, β-glucosidase, phosphodiesterase, and arylsulphatase activities were determined following modifications of the original methods, as described by Trasar-Cepeda et al. (2008) . The activity of each of these four enzymes was expressed as micromoles pnitrophenol per gram per hour.
The activities of urease and protease hydrolyzing benzoylargininamide (BAA-protease) were determined as described by Nannipieri et al. (1980) . In both cases, enzyme activity was expressed as micromoles NH 3 per gram per hour.
The activity of protease hydrolysing casein (caseinprotease) was determined as described by Ladd and Butler MAT mean annual temperature, TAP total annual precipitation (1972) . Enzyme activity was expressed as micromoles tyrosine per gram per hour. Invertase and carboxymethylcellulase (cellulase) activities were determined following the method of Schinner and von Mersi (1990) . Both activities were expressed as micromoles glucose per gram per hour. All enzyme activities were determined in triplicate.
Soil quality assessment 
where total C is expressed as a percentage, microbial biomass C in milligrams per kilogram, urease and phos- (1998) , soil biochemical equilibrium was estimated by comparing the total C content measured by the dichromate oxidation method (Cr), with the total C content estimated from the equation (Ct). Theoretically, the value of the 100 Ct/Cr ratio in soils in biochemical equilibrium should be 100.
Statistical analysis
All statistical analyses were performed with SPSS, version 15.0. Differences in mean values were tested by analysis of variance (ANOVA), with management and location as variables, and average daily temperature at the study site during the week prior to the sampling and soil humidity at the moment of sampling as covariables.
A principal component analysis (PCA) was carried out for all the biochemical variables measured and for soil organic matter content. Factors were extracted by Varimax rotation. An ANOVA was also carried out to test differences between treatments in the factor analysis (using factor 1 of the PCA, which explains the highest variability).
Discriminant analysis was used to assess how well samples taken under different location and management can be separated on the basis of all analyzed properties. This method was used to evaluate the impact of individual variables distinguishing different samples. To test for significance differences in distances between group centroids, the P levels associated with Mahalanobis distances were estimated.
Results
Organic matter, pH, and biochemical properties At all three experimental sites, organic matter contents were significantly lower in the managed grasslands (see Table 1 ) than in the unmanaged grasslands (P<0.001 for both organic C and total N). They also varied depending on the location of the soil analyzed (P<0.001) in the order Rodeiro>Boimorto>Trabada. Soil pH was not affected by grassland management or location (see Table 1 ) and varied in the order Rodeiro>Trabada>Boimorto for the managed grasslands and in the order Boimorto>Rodeiro>Trabada for the unmanaged grasslands.
In general, the values of the biochemical properties varied widely. The activities of the soil biochemical properties were generally lower in managed plots than in unmanaged plots (Figs. 2, 3, and 4) .
The results of the ANOVA revealed that all of the soil biochemical properties measured, with the exception of cellulase activity, were affected by location (Table 2 ). All soil biochemical properties, with the exception of net mineralized N were affected by management. Finally, the interactive effect between management and location was significant in nine out of the 15 variables (microbial biomass C, labile C, dehydrogenase, cellulase, β-glucosidase, invertase, casein-protease, phosphodiesterase, and arylsulphatase activities). The ordination of the samples and variables on a PCA plot is shown in Fig. 5 . The first two axes of the PCA plot accounted for 68% of the data variability (60% of the variability was explained by the first axis, while only 8% of the variability was explained by the second axis). Samples from unmanaged grasslands appeared on the right side of the biplot while samples from the managed grasslands appeared on the left side of the plot. The factor analysis placed the managed grassland of Boimorto and Trabada together and significantly separated them from all the other samples. The same applied to the managed grassland at Rodeiro and the unmanaged grassland at Boimorto. The unmanaged grasslands at Trabada and Rodeiro appeared on the positive side of factor 1 and were significantly separated from the other groups (and also significantly separated from each other; Fig. 5 ). All the hydrolase (excluding cellulase) activities and the oxidoreductase activities, microbial biomass C, basal respiration, labile C, and organic C had the greatest weighting in factor 1. An ANOVA (not shown) demonstrates that factor 1 was significantly influenced by temperature (P<0.01) and by location and management (in both cases, P<0.001; Fig. 5 ) while factor 2 was significantly influenced by location and management (P<0.001). Ordination of the samples in the PCA biplot showed that most of the variability in the samples can be attributed to soil management, location of sample, and seasonal variability. The ordination of samples from Trabada and Boimorto was more similar to that of samples from Rodeiro.
Discriminant analysis revealed that five discriminatory functions contributed significantly to separation of the soil samples, although two of them accounted for 94% of the total variation (Fig. 6 ). All 78 samples considered in the study were correctly classified, except one of the samples of the unmanaged soil from Boimorto, which was classified as a managed sample from Trabada. Moreover, all distances between group centroids were significantly different from each other (P<0.05). In the first root, the highest absolute values of standardized coefficients obtained were for phosphomonoesterase, arylsulphatase, invertase, and β-glucosidase activity (Table 3) while, in the second root, the corresponding highest values were those obtained for arylsulphatase and phosphodiesterase activity followed by invertase activity, labile C, net mineralized N, and cellulase activity. The variability in the 100 Ct/Cr ratio for the six soils analyzed and for the different sampling dates is shown in Fig. 7 . In this case, 100 Ct/Cr value in the unmanaged grassland was in the range of 82 to 115 (typical for unmanaged, native grasslands: Paz-Ferreiro et al. 2007) , while the range was between 42 and 178 in the managed grasslands. In the case of managed grasslands, there was a difference in the values obtained for Trabada, which ranged from 79 to 178 and from those obtained for Boimorto and . The differences in the values of the 100 Ct/Cr ratio in the three managed grasslands were significant (P<0.05), and there were also significant differences associated with the location of soil samples (Table 4) . Temperature and humidity did not have a significant effect on the value of the Ct/Cr ratio.
Discussion
Annual variation in soil biochemical properties and the influence of abiotic factors
The activities of the biochemical properties under study generally varied between sampling dates and with soil location (Figs. 2, 3, and 4) . The monthly variation in soil biochemical properties was usually very high, and, in some isolated cases, the values of the soil biochemical properties doubled or halved from 1 month to the next. The lower values of biochemical properties in managed grasslands are consistent with results of previous studies (Zeller et al. 2001; Paz-Ferreiro et al. 2009 The average coefficients of variation differed among the different properties measured throughout the year and generally ranged from 20% to 30% for most of the properties analyzed, although the coefficients were higher than 30% for urease activity and net N mineralization and lower for labile carbon and phosphomonoesterase activity. The low values of the coefficient of variation for phosphomonoesterase activity are consistent with those reported by Dick et al. (1988) and Bolton et al. (1985) for the same enzymatic activity, although the latter study also reported very low annual variations in urease activity (<10%). By contrast, other authors reported coefficients of variation of around 50% for many biochemical properties (Debosz et al. 1999; Waldrop and Firestone 2006) . In a review of the seasonality of soil microbial biomass, Wardle (1998) reported coefficients of variation of between 4% and 91%. This indicates that the coefficient of variation of a soil biochemical property greatly depends on the property considered and also on other factors such as type of climate, vegetation, and substrate.
No seasonal pattern of variation in the biochemical properties under study was observed in any of the six soils studied. Other authors have also reported no clear annual patterns of variation for many soil biochemical properties (Dick et al. 1988 ). However, some of the biochemical properties studied depended on parameters related to climate (soil moisture on the sampling date and mean average temperature during the week prior to sampling). Thus, only dehydrogenase and invertase activities were significantly and positively affected by soil humidity at sampling time (Table 2) . With respect to the scarce effect of soil humidity on biochemical properties, this was not surprising, as authors such as Bandick and Dick (1999) have reported that some enzyme activities scarcely varied in relation to soil moisture in similar ecosystems. On the other hand, it has also been shown that drought can inhibit some enzyme activities (Sardans et al. 2008) . Although the temperature on the day of soil sampling was not a significant factor in explaining the values of soil biochemical properties (data not shown), the effect of the mean average daily temperature during the week prior to sampling was a significant factor explaining the variation in the values of microbial biomass C, labile C, basal respiration, net N mineralization, and in the activities of P and S cycle enzymes (phosphomonoesterase, phosphodiesterase, and arylsulphatase; Table 2 ). The activity of enzymes involved in the P and S biogeochemical cycles has previously been reported to be strongly related to temperature (Li and Sarah 2003; PazFerreiro et al. 2010) and, interestingly, the enzymes involved in the C and N cycles were not dependent on temperature. Trasar-Cepeda et al. 2007 ) and this may explain some of the variability in the biochemical properties (particularly in the P and S cycles).
Influence of location and management on soil biochemical properties Several long-term and intermediate term studies have shown that soil biochemical properties can distinguish the effects of soil management practices (Bandick and Dick 1999; Paz-Ferreiro et al. 2009 ). However, according to van Diepeningen et al. (2006) , soil characteristics are much more important in determining microbial structure and function, and therefore have a greater influence than management on the values of soil biochemical properties. In the present study, management was found to have an important effect on soil biochemical properties (Table 2) , and location a less important effect. The organic matter content and clay content of the Rodeiro soils is higher than that of the Trabada and Boimorto soils. The higher values of these two soil properties may have resulted in higher values of biochemical properties in the Rodeiro soils. The influence of location on soil biochemical properties is probably due to diverse soil formation factors. Thus, parent material (Iovieno et al. 2010 ) and vegetation (Han et al. 2007 ) can cause differences in texture, soil organic matter content, substrate availability, and perhaps microbial community structure. On the other hand, climate also affects soil microbial activity, as clearly observed in the present results (see previous section).
With respect to management, prior to the study, the managed soils had been tilled biannually. Tillage is known to favor the breakdown of soil organic matter through increased aeration and the breakdown of soil aggregates, which implies the exposure of previously inaccessible organic matter to microbial attack. This results in lower levels of soil organic matter and lower biochemical activity in tilled soils. As previously reported (Haynes 1999) , the present results suggest that tillage and grassland management practices have similar overall effects on the activities of the different enzymes involved in the cycling of C, N, P, and S in soils, as observed by the strong relationship between factor 1 identified in the PCA analysis and soil management (ANOVA, significant at P<0.001, data not shown).
The effects of management and soil location were revealed by the discriminant analysis, which was able to separate the six soils correctly, on the basis of the values of their biochemical properties.
Modification of soil quality by grassland management
The biochemical soil quality index indicates that managed grasslands at Boimorto and Rodeiro are biochemically degraded (100 Ct/Cr <85%) while the managed soil at Trabada oscillates from values indicating biochemical enrichment (100 Ct/Cr >115%) to values indicating biochemical degradation. The high Ct/Cr ratio in the managed field at Trabada may indicate a transient state of high microbiological and biochemical activity due to the abundant use of organic amendments and may be attributed to recent use of organic amendments, as the peaks in Fig. 7 Annual variation in the 100 Ct/Cr ratio in the six soils studied activity were produced shortly after the addition of slurry. The quality of the managed grassland soil at Rodeiro appears to be the highest of the managed grasslands considered in this study, as the variations in the 100 Ct/Cr index are much lower than in the other two managed plots and the mean value (106±8) is closer to the equilibrium value of 100. The index was not significantly affected by either temperature or soil humidity so that it can be considered quite robust and, to a certain extent, independent of seasonal changes (Table 4) . However, management and the interaction between management and location did have significant effects on the index, showing that it is sensitive to management and that the different management practices carried out in the three experimental sites had different types of impact on the 100 Ct/Cr index. The coefficients of variation for 100 Ct/Cr were higher in the managed grasslands than in the unmanaged grasslands. The higher seasonal variability in the 100 Ct/Cr values in the case of managed grassland is expected and desirable in an index that depends on management and not on parameters related to climate.
Additional studies must be carried out to investigate what drives seasonal changes in the 100 Ct/Cr ratio, as, so far, we can only dismiss the importance of soil temperature and soil moisture on the 100 Ct/Cr ratio. Thus, we hypothesize that management practices, seasonality in the production of root exudates, or differences in substrate availability may be responsible for short-term differences (annual variation). It is important to note that this biochemical index appears to be rather dependent on soil management, both in the long-term (comparing the managed and unmanaged grasslands) and in the short-term.
Conclusions
The present results show that the soil biochemical properties under study varied depending on management, sampling date, and soil type. As temperature and soil humidity were monitored at the same time, a more complete, integrated picture of the dynamics of soil biochemical properties was obtained than in previous studies. In general, temperature, rather than soil humidity, drives the variations in some biochemical properties that are at least partly dependent on abiotic factors, although there are exceptions to this (dehydrogenase, invertase). An index was used to evaluate biochemical equilibrium in managed and unmanaged grasslands. This index was subjected to some minor variation, which appeared to be independent of soil temperature or humidity, but it was mostly responsive to management and thus proved to be a powerful tool for evaluating soil biochemical equilibrium in temperate grassland ecosystems. Further research would be required to assess the feasibility of using this index in other grassland ecosystems.
